P2X7 receptor-mediated purinergic signaling is a well-known mechanism involved in bone remodeling. The P2X7 receptor has been implicated in the pathophysiology of various bone and cartilage diseases, including rheumatoid arthritis (RA), a widespread and complex chronic inflammatory disorder. The P2X7 receptor induces the release into the synovial fluid of the proinflammatory factors (e.g., interleukin-1β, prostaglandins, and proteases) responsible for the clinical symptoms of RA. Thus, the P2X7 receptor is emerging as a novel anti-inflammatory therapeutic target, and various selective P2X7 receptor antagonists are under clinical trials. Extracellular ATP signaling acting through the P2X7 receptor is a complex and dynamic scenario, which varies over the course of inflammation. This signaling is partially modulated by the activity of ectonucleotidases, which degrade extracellular ATP to generate other active molecules such as adenosine or pyrophosphates. Recent evidence suggests differential extracellular metabolism of ATP during the resolution of inflammation to generate pyrophosphates. Extracellular pyrophosphate dampens proinflammatory signaling by promoting alternative macrophage activation. Our paper shows that bisphosphonates are metabolically stable pyrophosphate analogues that are able to mimic the anti-inflammatory function of pyrophosphates. Bisphosphonates are arising per se as promising anti-inflammatory drugs to treat RA, and this therapy could be improved when administrated in combination with P2X7 receptor antagonists.
Introduction
Rheumatoid arthritis (RA) is a widespread chronic systemic inflammatory disorder that affects approximately 1% of the worldwide population. The female-to-male ratio of the disease is 3 : 1, and although it can occur at any age, it is more common between ages 40 and 70 years [1] . In this context, pharmaceutical companies are interested in developing new anti-inflammatory treatments for the disease, including the use of P2X7 receptor antagonists or bisphosphonates [2, 3] . This paper will focus on the role of P2X7 receptors in the pathophysiology of RA and the possible therapeutic connection of bisphosphonates with P2X7 receptor signaling.
P2X7 Receptor in Bone and Cartilage
Bone is a specialized connective tissue composed of mineralized extracellular matrix and distinct cell populations including osteoblasts, osteocytes, and osteoclasts. Under physiological conditions, bone is subjected to a continuous balance between resorption and formation. However, disturbances of this balance can lead to various diseases such as osteoporosis, RA, or periodontitis [4] . The balance is regulated in bone by a complex network of factors, including hormones and mechanical stimulation. The latter, in turn, induces nucleotide release to the extracellular space and purinergic P2-receptor signaling [5] . P2 receptors are expressed in a variety of cell types in the bone and cartilage, including osteoblasts, osteoclasts, chondrocytes, and synoviocytes and are subdivided into two classes: the P2Y family of G-protein-coupled receptors and the P2X family of ligand-gated cation channels [6] .
Recent evidence reviewed by Grol et al. [7] provides specific insight into the role of the P2X7 receptor subtype in osteoblasts and osteoclasts. Additionally, P2X7 receptor knockout mice exhibit decreased periosteal bone formation, increased trabecular bone resorption, and impaired response to mechanical stimulation, leading to a reduction in total bone content [8, 9] . P2X7 receptor activation in osteoblasts enhances differentiation and bone formation [10] , whereas its activation in osteoclasts results in apoptosis [11] . These differences in the function of P2X7 receptor reflect a sophisticated mechanism whereby the skeleton responds to mechanical stimulation by simultaneously increasing bone formation and suppressing its resorption. Furthermore, genetic loss-of-function polymorphisms of the human P2X7 receptor are related with increased skeletal fragility, which is consistent with decreased susceptibility of osteoclasts to apoptosis, as well as impaired osteoblast differentiation and bone formation [12, 13] . P2X7 receptor modulation could also play an important role in regulating bone-cell response, and ATP appears to mediate internalization of P2X7 receptors in osteoclast-like cells [14] .
Mechanical stimulation of different cell types, including osteoblasts and chondrocytes, induces ATP release through hemichannel opening [15] [16] [17] . Osteoblast-like cells constitutively release nucleotides into the extracellular environment [18] . ATP released into the extracellular compartment of the bone could activate P2X7 receptors on osteoblasts and osteoclasts and the function of P2X7 receptor in bone is consistent with the altered skeleton phenotype of P2X7 receptor knockout mice described by Ke et al. [8] . In this regard, pores formed in response to P2X7 receptor activation induces additional ATP release, initiating a positive purinergic feedback loop [19] . Although the physiological importance of this phenomenon remains unknown, in vitro mechanical stimulation of osteoblasts leads to cell permeabilization via a mechanism dependent on P2-receptor signaling [9] .
P2X7 Receptor in the Pathophysiology of RA
Purinergic signaling has been implicated in the pathophysiology of various bone and cartilage diseases, including bone loss, RA, osteoarthritis, and bone cancer pain [20] [21] [22] [23] [24] . RA is a widespread and complex chronic inflammatory disorder with no current successful treatment [1] . Because it is a complex multifactorial disease, its pathophysiology is not fully understood; however, there is evidence to suggest that T lymphocytes and macrophages play a critical role in the initiation and perpetuation of synovial inflammation [25] . Interleukin (IL)-1β and tumor necrosis factor (TNF)-α are macrophage-derived cytokines that play a primary role in the pathogenesis of RA. One effect of these cytokines is to regulate the production of matrix metalloproteinases (MMPs), which are directly involved in extracellular matrix degradation during RA [26] . In fact, the serum and synovial concentrations of TNF-α and IL-1β are high in patients with active RA [27] , and drugs targeting TNF-α were the first biologics to be approved and widely used to treat RA. At present, five TNF inhibitors are approved for use by the U.S. Food and Drug Administration; all of these agents have been shown to be effective in reducing the clinical signs of inflammation in RA patients [27] .
Experimental injection of IL-1β into the knee joints of rabbits resulted, within hours, in leukocyte accumulation in the synovial fluid as well as substantial proteoglycan loss from joint cartilage [28, 29] . Unlike TNF-α, which is predominantly detected in the early stages of disease, IL-1β is detected long after the onset of RA [30] . IL-1β is a potent stimulator of leukocytic infiltration, synovial hyperplasia, cell activation, cartilage breakdown, and inhibition of cartilage matrix synthesis [31] .
A two-step process tightly regulates IL-1β production. The first step regulates the synthesis of IL-1β precursor (pro-IL-1β) by engagement of innate pattern recognition receptors such as toll-like receptors (TLR), activating nuclear factor-κB (NF-κB), and mitogen-activated protein kinase (MAPK) transcription pathways [32] . The second stimulation signal leads to the formation of a multiprotein complex called the inflammasome, which culminates in caspase-1 activation and pro-IL-1β maturation. The bestcharacterized inflammasome is formed by the NLRP3 receptor (nucleotide-binding domain and leucine-rich repeat receptor containing pyrin domain 3), the adaptor protein ASC (apoptotic speck-like protein with a caspase-activating recruiting domain), and caspase-1. Numerous stimuli trigger the NLRP3 inflammasome, including pathogen-or dangerassociated molecular patterns (PAMPs and DAMPs, resp.) [33] . Extracellular ATP activating P2X7 receptor is one of the most widely investigated DAMPs that activate the NLRP3 inflammasome and is probably one of the most important pathways for IL-1β release in RA. Extracellular ATP is found at high concentrations in the synovial fluid of patients with RA [34] , and P2X7 receptor deficiency leads to a lower incidence and lower severity of joint inflammation in animal models of arthritis induced by anticollagen antibodies [35] . RA-associated synoviocytes express functional P2X7 receptors, and their activation upregulates the production of proinflammatory cytokine IL-6 from these cells [36] .
Interest in developing new drugs that target the synthesis, processing, and/or release of IL-1β has risen in recent years [23] . Blocking antibodies for soluble IL-1β have been shown to reduce joint destruction in several animal models of RA [37] . In a phase II clinical trial with RA patients, 24 weeks of treatment with the recombinant IL-1-receptor antagonist (IL-1Ra or anakinra) provided significantly greater clinical improvement of RA symptoms than placebo [38] . Anakinra treatment is safe and highly effective for patients with systemic-onset juvenile idiopathic arthritis, adult-onset Still's disease, hereditary autoinflammatory syndromes, Schnitzler's syndrome, and gouty attacks [39] . However, this treatment has been associated with liver toxicity, and long-term follow-up analyses are essential to guide appropriate management strategies [40] . Selective drug-like P2X7 receptor antagonists have already been tested in clinical trials for RA. Nonetheless, after initial positive outcomes in phase II trials, AstraZeneca and Pfizer discontinued the development of their compounds following negative phase IIb/III results in subjects receiving methotrexate [2, 41] . The poor pharmacokinetics and pharmacodynamics of AstraZeneca's and Pfizer's P2X7 receptor antagonists could partially explain the lack of effectiveness. However, as described above, the fact that RA pathophysiology could be strongly mediated by TNF-α might also explain such poor outcomes. Recently, a new generation of P2X7 receptor antagonists with better drug-like properties is entering earlyphase clinical studies [40] .
New evidence suggests that P2X7 receptor activation also triggers inflammasome-and cytokine-independent pathways that play an active role in the pathogenesis of RA. In fact, an effective anti-P2X7 receptor therapy would be more beneficial than anticytokine directed therapy. P2X7 receptor activation has been associated with the release of the tissuedestroying proteases MMPs and cathepsins [22, 42, 43] . Cathepsin is a family of lysosomal proteases implicated in cartilage joint destruction and found in the synovial fluid of patients with active RA [44, 45] . Treatment with P2X7 antagonist, but not with other active RA drugs such as methotrexate, abolished cathepsin release from ATPactivated macrophages [22] . P2X7 receptor activation has also been associated with the release of prostaglandin E2 (PGE2) and other autacoids [46] . In particular, PGE2 induces the release of MMPs in the joint during RA and is a key mediator of pain sensation [26] .
Bisphosphonates: Anti-Inflammatory Compounds in RA
Because of their anti-inflammatory properties, bisphosphonates may represent a promising new drug for the treatment of RA. Bisphosphonates are metabolically stable analogues of pyrophosphate, where the central oxygen atom is replaced by a carbon atom (Figure 1 ). The R1 and R2 side chains bonded to the central carbon confer different properties to the bisphosphonate molecule, whereas R1 is usually short and is involved in binding to bone mineral and R2 is responsible for its biological effects [47, 48] . Depending on the side-chain structure of R2, bisphosphonates are classified into nitrogen-containing bisphosphonates (Nbisphosphonates, such as pamidronate, risedronate, ibandronate or zolendronate) and nonnitrogen-containing bisphosphonates (non-N-bisphosphonates, such as etidronate or clodronate) (Figure 1 ). Bisphosphonates are able to bind divalent ions, such as Ca 2+ , and therefore target exposed bone mineral surfaces in vivo. After bone binding, bisphosphonates are incorporated in bone-resorbing osteoclasts, resulting in osteoclast function inhibition and apoptosis [49] . Bisphosphonates that selectively affect osteoclasts have become a major class of antiresorptive drug for the treatment of osteoporosis and Paget's disease [50, 51] . Bisphosphonates can also be encapsulated in liposomes and then selectively used to target phagocytic cells in vivo [52] . Liposome-encapsulated clodronate is widely used to eliminate macrophages in vivo and has been shown to reduce RA-associated inflammation in animal models and in patients [3] .
Several molecular mechanisms have been described for the action of bisphosphonates. Non-N-bisphosphonates can be metabolized to nonhydrolyzable and β, γ-methylenecontaining (AppCp-type) analogues of ATP [53] . Intracellular accumulation of these metabolites arrest osteoclast and macrophage metabolism and function. The in vivo accumulation of AppCCl 2 p in osteoclasts induces apoptosis and inhibits bone resorption [54, 55] . N-bisphosphonates are also known to affect normal cellular function by inhibiting farnesyl diphosphate synthase and thereby preventing the prenylation of small GTPases [47, 56] .
Additionally, several studies demonstrate that bisphosphonates are antioxidant compounds. Reactive oxygen species (ROS) are known to contribute to the inflammatory process in RA by degrading cartilage and bone [57] . In an inflamed joint, ROS are produced by macrophages, neutrophils, and chondrocytes [58] . Serretti et al. [59] showed that bisphosphonates inhibit ROS production in human neutrophils by acting before or on NADPH oxidase. Bisphosphonates also have antioxidant properties as iron chelators and block chondrocyte lipid peroxidation, suggesting a protective role for bisphosphonates in RA [60] .
Bisphosphonates, Extracellular Metabolism of Nucleotides, and P2X7 Receptors
Our group recently identified clodronate and its physiological analogue pyrophosphate as a new molecule structure able to block IL-1β release [61] . This inhibition was also found by using high ATP concentrations during macrophage polarization towards anti-inflammatory or alternatively activated M2 states, where P2X7 receptor signaling was uncoupled from inflammasome activation. In proinflammatory M1 macrophages, this effect was achieved when the P2X7 receptor was absent or pharmacologically blocked. We previously proposed a model for inflammasome regulation by pyrophosphates and extracellular ATP during macrophage polarization gradient towards M2 where P2X7 receptor uncouples from both ROS production and the NLRP3-inflammasome/caspase-1 pathway, while P2X7 receptor remains functional in terms of its ion channel activity [60] . Under these conditions, pyrophosphates act to inhibit ROS and cluster actin dynamics induced by other inflammasome activators (e.g., maitotoxin), resulting in blockage of caspase-1 and IL-1β release. This effect could be beneficial in enhancing the resolving phase of inflammation. Our evidence suggested that the diphosphate group resident in nucleotides was blocking inflammasome activation, because pyrophosphates and triphosphates but not monophosphates (inorganic phosphate) inhibited caspase-1 activation and IL-1β release, with a potency order of clodronate > triphosphate = diphosphate > ATP ADP. It is still unknown if pyrophosphates act by phosphate chains remaining attached to the nucleotide molecule or if they result from ATP metabolism by ectonucleotidases. Ectonucleotidases might play a play in this process, because the expression of ectonucleotidases and other genes involved in the extracellular generation of pyrophosphate is highly expressed by M2 compared to M1 macrophages [62] . M2 macrophages accumulate the transcript for ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1), which primarily degrades ATP to produce AMP and pyrophosphate [63] . M2 macrophages also accumulate the transcript for ANK, a plasma-membrane protein involved in progressive ankylosis that mediates cytosolic pyrophosphate release into the extracellular space [64] .
Pyrophosphates were also able to alter the LPS-induced proinflammatory gene expression profile in a similar manner to the action of IL-4 (cytokine responsible for polarizing macrophages to M2). Interestingly, pyrophosphates were also able to upregulate ENPP1 expression after LPS stimulation, suggesting that over the course of the inflammatory process, extracellular pyrophosphate production could promote the initiation of resolution by shifting macrophage polarization to M2. In M1 macrophages, pyrophosphate and clodronate significantly inhibited gene expression dependent on NF-κB activation, such as the LPS-induced production of proinflammatory cytokines (IL-1β, IL-6, and TNF-α) and the recovery of IκBα protein [65] . Redox balance has been extensively implicated in NF-κB activation [66] , and it has been found that pyrophosphates, so as clodronate, chelating the actions of ROS, could specifically affect the nuclear actions of translocated NF-κB to dampen proinflammatory gene expression and enhance ENPP1 gene expression [62] . Additionally, pyrophosphates are able to enhance the resolution of peritonitis in vivo by reducing proinflammatory cytokine production [62] .
Taken together, these results suggest that extracellular ATP and its metabolism to pyrophosphate are key triggers in the switch from a proinflammatory macrophage towards its alternative functions in the resolution of inflammation. Pharmacologically, this effect could be mimicked and enhanced by the use of bisphosphonates as anti-inflammatory compounds.
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Conclusions
Several approaches can be taken to reduce synovial inflammation in RA, and many of them use the P2X7 receptor as a central signaling molecule. These approaches include direct P2X7 receptor antagonism and extracellular IL-1β blocking (Figure 2 ). In fact, there is increasing evidence that bisphosphonates may be useful as novel anti-inflammatory drugs in RA. These compounds present various modes of action; for example, they deplete macrophages when administered encapsulated in liposomes. In contrast, free bisphosphonates present pyrophosphate-like activities that chelate ROS and block inflammasome activation during the resolving phase of inflammation, when P2X7 receptor stimulation is uncoupled from proinflammatory signaling or when the P2X7 receptor is pharmacologically inhibited. In the latter case, bisphosphonates produce a switch in P2X7 receptor signaling and extracellular nucleotide metabolism to pyrophosphates during the resolution of inflammation [61, 62] . Therefore, a combination of P2X7 receptor antagonists with bisphosphonates could be more successful in treating chronic inflammation in RA.
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